ABSTRACT: The influence of near-bed sorting processes on heavy mineral content in suspension is discussed. Sediment concentrations above a rippled bed of mixed quartz and heavy mineral sand were measured under regular nonbreaking waves in the laboratory. Using the traditional gradient diffusion process, settling velocity would be expected to strongly affect sediment distribution. This was not observed during present trials. In fact, the vertical gradients of time-averaged suspension concentrations were found to be similar for the light and heavy minerals, despite their different settling velocities. This behavior implies a convective rather than diffusive distribution mechanism. Between the nonmoving bed and the lowest suspension sampling point, light and heavy mineral concentration differs by two orders of magnitude. This discrimination against the heavy minerals in the pickup process is due largely to selective entrainment at the ripple face. Bedform dynamics and the nature of quartz suspension profiles are found to be little affected by the trialed proportion of overall heavy minerals in the bed (3.8-22.1%).
INTRODUCTION
Most heavy mineral studies approach the formation of beach placers through the study of sorting processes in the bed region, where intergranular forces dominate. In a setting generally recognized as erosive (Rao 1957; Inman and Filloux 1960; Frihy and Komar 1993) , heavy minerals may become separated from their light counterparts on the basis of differing thresholds for incipient motion (e.g., Komar and Wang 1984) . Once in motion, light and heavy grains can further separate where the relative bed roughness and shear velocity allows the greater flux of the less dense fraction (e.g., Steidtmann 1982; Slingerland 1984) . Again in motion, a polydisperse mixture of grains behave differently and may segregate under the action of dispersive stresses in a sheared layer (e.g., Clifton 1969; Sallenger 1979) . Slingerland and Smith (1986) and Komar (1989) provide a thorough review of entrainment, transport, and shear as sorting mechanisms. Equivalence in any one of these processes, or an identical hydraulic response between mineral species of various size, shape, and density, then precludes that process as a likely sorting mechanism.
Suspension sorting, or segregation of light and heavy minerals on the basis of settling velocity has similarly been suggested as a potential concentrating mechanism under waves. It remains, however, unproven as such, and Rubey's (1933) settling equivalence concept has prevailed on account of convenience, rather than proven predictive capability. The prelude to eventual segregated bed deposition is the fractionation of light and heavy grains while in suspension. Our experiments show that such fractionation does not occur under waves over rippled beds.
FLUME EXPERIMENTS

Experimental Setup
Experiments were performed in a flume 29 m long, 780 mm high, and 800 mm wide. Waves were generated by a paddle-type wave maker. The water depth and wave period were chosen to allow the mobilization of both sediment fractions while minimizing reflection. A wave absorber positioned downstream also aided to this end.
The test section is 3.5 m long, with a sediment bed 100 mm deep. Sediment types used for the present tests are detailed in Table 1 . Heavy minerals were sourced from a beach placer, and as such contained a suite of mineral types which were identified by X-ray diffraction analysis.
Experimental Procedure
Experiments involved a series of tests with varying heavy mineral bed content under essentially identical wave conditions. Each test began with well-mixed quartz and heavy minerals leveled within the test section. Waves were generated for sufficient time to allow bed ripples to develop and stabilize. Time-averaged concentrations of suspended quartz and heavy minerals entrained from the rippled bed were measured using a transverse suction (TS) system (Bosman et al. 1987) . Rather than one multi-intake tube array positioned over a selected bed feature (e.g., McFetridge and Nielsen 1985) , six separate intakes spanning the middle third of the test section were used. Such an arrangement minimizes the interaction between intakes. A height range of approximately 150 mm was covered by the intakes. For each TS intake the local ripple crest level was chosen as the reference level.
Oriented normal to the direction of ambient flow, suction intakes sampled sediment continuously for 20 min. The ratio of intake velocity to settling velocity ranged from 73 to 108 for the quartz fraction and from 45 to 67 for the heavy mineral fraction. These values indicate that the intakes are not preferential in terms of sampling particular grain sizes. It is expected that the intakes would probably catch at least 75% of all suspended particles (Bosman et al. 1987) . Following collection of suspended sediment the flume was fully drained to enable profiling of ripple features and bed levels photographically and with a rail-mounted pointer gauge. Experimental data are listed in Table 2 .
EXPERIMENTAL ANALYSIS
Flow Conditions
For the purpose of estimating flow conditions, the orbital fluid amplitude A and orbital velocity amplitude A were calculated using appropriate wave theory (Dean and Dalrymple 2000) . The grain roughness Shields parameter was calculated as 2 0.5f (A)
where f is the fluid density, g is the gravitational acceleration, s is the specific gravity, d is the grain size, and f 2.5 the wave friction factor corresponding to a bed roughness of 2.5d 50 : 
Sediment Characteristics
Grain-size analysis of all recovered sediment was performed using a lowangle laser light-scattering instrument (Malvern Mastersizer 2000) . Compared with standard sieving techniques, this method tends to display a wider size distribution for grains naturally irregular in shape (O'Donoghue and Wright 2001). A sedimentation column with an effective length of 1.8 m was used to analyze sediment settling-velocity distributions.
Heavy Mineral Separation
Heavy mineral percentages, p HM , from suspension samples and from the bed were analyzed using gravity separation. Representative sediment samples were introduced into partially filled ''Hutton'' centrifuge tubes (Mange and Maurer 1992) containing the heavy liquid LST (lithium polytungstate). A vortex mixer ensured each sample was properly immersed in the heavy liquid, after which the tubes were allowed to sit for approximately 20 min.
This period was sufficient to ensure that all heavy mineral grains contained within the main body of the tube passed en masse through the constriction in the centrifuge tube. Flushing with additional LST liquid or agitation with the vortex mixer allowed the fall of remaining heavy mineral grains held on the surface.
Following this ''sink/float'' time, a closure rod sealed the narrow tube throat and allowed recovery of the separated fractions. Heavy mineral concentrations are expressed as a percentage by weight of the initial sample.
RESULTS
Bedforms
Bedforms were typically sharp-crested three-dimensional vortex ripples. Bifurcation of ripple crestlines was a common feature. Bed-averaged values of ripple height and steepness / are presented in Figure 1 , with the initial heavy mineral fraction plotted on the abscissa. Heavy mineral content in the range [3.8; 22.1%] is seen to have no discernible effect on bedform geometry.
Time-Averaged Concentrations of Suspended Sand
Time-averaged sediment concentrations have traditionally been described under a gradient diffusion scenario, i.e., a balance between vertical settling and diffusive fluxes 
Particle settling velocity is seen to play a significant role in sediment concentration with elevation above the bed; heavy mineral concentration would be expected to display faster decay with elevation than quartz on account of greater settling velocity (w HM /w Q ഠ 1.5).
For the purpose of comparing time-averaged quartz and heavy mineral distributions, volumetric concentrations within experimental series were pooled to provide sufficient data for a range of elevations above the rippled bed. Through results of heavy liquid separation, profiles for both light and heavy fractions were constructed.
Field measurements (Nielsen 1983) and laboratory data (McFetridge and Nielsen 1985) of suspended sand for different sizes over ripples have illustrated a transition from upward-concave to upward-convex profiles as the sediment becomes finer. The profile shape is described by a dimensionless shape parameter, S, defined as
where w s is the settling velocity, T is the wave period, and r is the bed roughness (Nielsen 1992) . The bed roughness is approximately equal to the ripple height. The present experiments fall within the intermediate range of the shape parameter 0.7 Ͻ S Ͻ 1.6. Time-averaged suspension profiles associated with this range are essentially exponential: The sediment distributions of the present study display nearly identical vertical length scales between the quartz and heavy minerals (Table 3) , suggesting a distribution mechanism which depends very little on settling velocity but rather on convective entrainment (Nielsen 1992) , where the sediment is trapped on closed paths within traveling vortices shed by the rippled bed (e.g., Nielsen 1983; . Distribution profiles for the entire series are shown in Figure 3 .
Concentration profiles for different size fractions normalized by the value closest to the bed c(z L ) are shown in Figure 4 . Above z ϭ 20 mm, all grain classes display similar vertical length scales, when clearly each would have different still-water settling velocities. The previously discussed transition in overall profile shape is similarly observed. To replicate observed profiles, gradient diffusion would require both the magnitude and distribution of sediment diffusivity to be different for various sizes in the same flow: a decreasing ⑀ s (z) for the fine sand and increasing ⑀ s (z) for the coarser fractions. This is inappropriate from both a physical and a modeling perspective.
SELECTIVE PICKUP MECHANISM
Although light and heavy minerals show very similar time-averaged concentration profiles, i.e., similar L s , concentrations indicate strong discrimination against the heavy minerals in the pickup process (Table 3) . That is, the fraction of heavy minerals entrained into suspension is significantly less than the fraction existing in the bed.
This discrimination is the result of two separate mechanisms. With the onset of wave motion, the initial uniformly mixed bed becomes segregated in the most active upper layer of the bed. This vertical sorting is viewed as sinuous ''ribbons'' of mostly quartz sand, oscillating over a generally immobile surface of predominately heavy minerals. This concentrated heavy mineral layer exists as a thin basal deposit (ϳ 10-15 grain diameters) once stable vortex ripples have been established.
Further discrimination occurs during the periodic entrainment of sediment from the ripple face. Figure 5A illustrates a typical ripple profile, at a time soon after the occurrence of peak flow velocity close to the bed. Quartz-abundant sediment entrained from the upper ripple face on the flow side and the lower face on the lee is swept into and trapped in the developing lee vortex. Migration of a quartz band from the ripple crest on the flow side to the opposing lee peak accompanies this action. Left exposed is a surficial lag deposit of concentrated heavy minerals (Fig 6) . This deposit acts as an armor layer hindering the availability of subjacent sediment for entrainment.
The lee vortex is released at flow reversal, carrying trapped sediment up into the flow (Fig. 5B) . At this time effective sediment pickup has occurred. Some quartz sand is gradually released to again cover the ripple face. The entire process is repeated every half wave cycle.
CONCLUSIONS
Selective suspension measurements of sand graded by size and density are presented. Time-averaged concentrations display a fixed vertical length scale for all sediment in the flow regardless of settling velocity. This behavior cannot be reconciled with gradient diffusion, inasmuch as that process prescribes L s ϰ w Ϫ1 for sediment with different settling velocities. It implies a convective entrainment process where the sediment is trapped within vortices shed by the rippled bed.
Between the bed and the lowest suspension sampling level, there is a sharp drop in the heavy mineral fraction. Predominantly quartz sand is picked up by the lee vortices while the heavy minerals stay on the ripple surface as an armor layer. It is expected that under comparable field processes, i.e., the region of reformed waves between the breaker and swash zone, that heavy mineral participation in suspension would be minimal.
